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Crosslink densityAbstract Modiﬁcation of the Egyptian Bentonite (EB) was carried out using organo-modiﬁer
namely; octadecylamine ODA. Before the modiﬁcation, the cation exchange capacity (CEC) of
the EB was measured, also it was puriﬁed from different impurities using HCl and distilled water.
The Organo-bentonite OB was characterized using IR, XRD, and TEM. PU/ODA-B nanocompos-
ites were prepared by in situ polymerization then characterized by XRD and TEM. An amount of
ODA-B ranging from 0.25% up to 5% by weight was added to the polyol component of the resin
before mixing with toluene diisocynate TDI. TEM showed that the nanocomposites achieved good
dispersion in the polyurethane matrix. The mechanical, swelling and electrical properties of the
nanocomposites were measured. The results indicate that the tensile strength of all the nanocompos-
ites enhanced with the addition of OB compared with the pure PU. The crosslink density of the
nanocomposites increases with increasing the content of OB. The Pool–Frenckel conduction
mechanism predominates for all the nanocomposite samples and the blank one.
ª 2014 Production and hosting by Elsevier B.V. on behalf of Egyptian Petroleum Research Institute.
Open access under CC BY-NC-ND license.1. Introduction
Polymers ﬁlled with nano-layered silicate clay particles have
attracted researchers in the recent years due to their superior
mechanical (tensile, impact, etc.), thermal (decomposition,
mass loss, etc.) and physical (barrier, optical, etc.) properties.
Such improved properties were noted at small ﬁller content
(<5 wt%) in the polymer matrix with very little change indensity [1–4]. Clay/polymer nanocomposite materials have
attracted great interest because nanoclays can reinforce almost
all types of polymer matrices with similar properties than tra-
ditional composites but with less weight and better processabil-
ity [5,6]. There is a large body of literature that discusses the
mechanical property behavior of ﬁlled polymer systems [7–
12]. These reports reveal that the modulus is the easiest
mechanical property to estimate, because it is a bulk property
that depends primarily on the geometry, modulus, particle size
distribution and concentration of the ﬁller. The tensile strength
of a ﬁlled polymer is more difﬁcult to predict because it
380 A.M. Motawie et al.depends strongly on local polymer-ﬁller interactions as well as
the above factors.
Recent investigations on conducting polymer composites
have led to some important revelations relating to attainable
electrical conductivity range and trends of change in the con-
ductivity parameter with variations in: (i) the loading level
[13], (ii) nature of the matrix polymer [14], (iii) degree of ﬁller
dispersion [13,15] and (iv) temperature [16,17].
Polyurethanes (PUs) are unique polymer materials with a
wide range of physical and chemical properties. With well-
designed combinations of monomeric materials, PUs can be
tailored to meet diversiﬁed demands of various applications
such as coatings, adhesives, ﬁbers, thermoplastic elastomers,
and foams. However, PUs also have some disadvantages, such
as low thermal stability and low mechanical strength, etc. To
overcome these disadvantages, a great deal of effort has been
devoted to the development of nanostructured polyurethane
(PU)/montmorillonite (MMT) composites in recent years
[18–21]. The effects of clay type, clay content, and PU molec-
ular structure on clay dispersion in thermoplastic PU nano-
composites have been studied. Good dispersion of clays in
the PU matrix has been achieved through the modiﬁcation
of MMT with active surfactants containing more than two
hydroxyl groups [20]. The presence of hydroxyl groups
enhanced intra-gallery polymerization, which in turn led to
better clay dispersion. However, the morphology of nanocom-
posites prepared by this approach was still a combination of
exfoliation/intercalation and the method only worked at low
clay content, i.e. less than 3 wt%, even for organoclay modi-
ﬁed by surfactants with three hydroxyl groups. The exfoliated
clay dispersion was only observed at low reaction rates in solu-
tion polymerization [20].
The aim of this work is to prepare nanobentonite for poly-
mer nanocomposite hybrid materials based on Egyptian Ben-
tonite (EB) raw material. The inﬂuence of modiﬁed nano-
bentonites on the mechanical and electrical properties of PU
nanocomposite was also studied.
2. Experimental
2.1. Materials
Egyptian Bentonite (EB), is supplied from south of El-
Hamamm district, grinding through ball-mill and saving at
0.6 micron. It was dried at 80 C for 24 h under vacuum con-
ditions. (Reported basal plane spacing, d001 = 1:26 nm).
Octadecyle amine ODA CH3 (CH2)17NH2 (surfactant) (Mw
269.51 g/mole), hydrochloric acid and sodium chloride, were
provided by Aldrich, USA. Toluene-2,4-diisocyanate TDI
was obtained from Fluka, Germany. Polyethylene glycol
(PEG) Mn = 600 g/mol, OH functionality = 2.0 and Methyl
Ethyl Ketone (MEK), were obtained from Fluka, Germany
and Butanone, ADWIC Co respectively.
2.2. Preparation of organo-bentonite [22]
EB was puriﬁed to remove impurities, i.e. carbonates, iron
hydroxide and organic matter, then activated to Na-B accord-
ing to methods mentioned in a previous work [23]. The org-
ano-bentonite was synthesized by ion exchange reaction
between Na-bentonite and octadecylamine ODA. The solutionof the ammonium salt used was heated at 80 C for a few min-
utes. The ODA was protonated by adding HCl. Aqueous sus-
pension of 0.5 wt% Na-B was prepared and heated at 80 C.
The prepared alkylammonium salt solution was drop wise
added to the Na-bentonite suspension and maintained at
80 C for 12 h under vigorous stirring. Then the suspension
was cooled to room temperature. The equation for calculating
the intercalating agent needed for a cation-exchange reaction is
[24]:
120
100
 grams of clay 1:5 ¼ X
Mw of intercalating agent
 1 1000 ð1Þ
where X represents the amount of intercalating agent used,
120/100 represents the cationic exchange capacity (CEC) of
120 meq/100 g of the bentonite, and 1.5 (>1) is the alkyl
amine/bentonite ratio and it indicates an excess amount of
intercalating agent used. The molar alkyl amine/HCl ratio
was 1:1. The cation exchange capacity, CEC, of the resulted
bentonite was 120 meq/100 g.
Finally, the treated bentonite particles were collected by
centrifugation and subsequently washed with deionized water
several times to remove residual chloride or cations until no
halides were detected in the ﬁltrate by silver nitrate test. The
dispersion and washing were accomplished using a 50/50 etha-
nol/water mixture. The ﬁlter cake was then placed in a vacuum
oven at 80 C for 24 h. The dried cake was ground and
screened with a 325-mesh sieve to obtain the organophilic-
inorganic material ODA-B.
2.3. Preparation of PU/organo-bentonite nanocomposites
A series of PU/ODA-B nanocomposites were prepared. The
preparation process was as follows: various amounts (0.25,
0.50, 0.75, 1, 3 and 5 wt%) of ODA-B were swelled with
Methyl Ethyl Ketone MEK and stirred for 4 h at 70 C. The
PEG/ODA-B mixture was blended for a particular PU/
ODA-B nanocomposite with the calculated amount of toluene
diisocynates TDI (2 g), (NCO/OH ratio was 1:4). The mixture
was stirred vigorously for 3 h at 70 C. Then the PU/ODA-B
nanocomposites were obtained when the viscous products were
poured into molds and left for 2 days to ensure complete
removal of MEK. The formed ﬁlm was pulled from the mold
and its thickness was measured using thickness gauge. The
thicknesses of the samples were ranged from 1.5 to 2.5 mm.
For tensile test the specimens were prepared in a rectangular
bar with dimensions 100 · 3.5 · 1.5–2.5 mm.
2.4. Organo-bentonite characterization
Fourier-Transform InfraredAnalysis FTIRwas operated in the
transmission mode, in the wave number range of 4000–
400 cm1 bymixing with KBr powder on aMattson 1000, series
LC operating, Issue I (0791) spectrophotometer. The concentra-
tion of the samples in the KBr was held constant to 0.7% (w/w).
The spectra were obtained using a resolution of 4 cm1 andwere
averaged over 100 scans. Standard software (Omnic ESP, ver-
sion 5.1) was used for data acquisition and analysis. X-ray dif-
fraction patterns of different forms have been investigated
using a modern PANalytical diffractometer, Xpert PROmodel.
Nickel ﬁltered cupper radiation (k= 1.542 A) was used. All
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under constant operating conditions (40 kV & 40 mA). The
scanning rate was 1 (2h/min). The studied samples were ground
to a ﬁne powder form and mounted in appropriate aluminum
folder. Transmission electron microscopy (TEM) was adopted
to characterize the nano-particle modiﬁcation. TEM was per-
formed by TEM-1230 with an accelerating voltage of 100 kV
(JEOL Co., Japan). The nanoparticles were sectioned into
ultra-thin slices (100 nm) at room temperature using a micro-
tome and then mounted on 200 mesh copper grids.
2.5. Swelling measurements
All samples of known weight (mo) were immersed in thimbles
containing solvents with different cohesive energy densities
(d), as presented in Table 1.
The swellingmeasurements were carried out at 25 C for var-
ious time intervals. The samples were then removed, blotted
quickly to remove the attached solvent on the sample surface
and weighed. The swelling equilibrium was reached after 24 h.
The degree of swelling has been calculated by using the relation:
Q% ¼ mmo
mo
 100 ð2Þ
where mo and m are the masses of the sample before and after
swelling.
For all samples, swelling data were used to calculate the
volume fraction, Vm, and equilibrium degree of swelling, Qm,
of the blends in a given sample swollen to equilibrium in
solvent.
Qm ¼ ð1þ
qðQw  1Þ
d
Þ ð3Þ
where, Qw is the ratio of the weights of the network in the
swollen and dry state, and q and d are the densities of the sam-
ple and solvent, respectively. The equilibrium degree of swell-
ing, Qm, was deﬁned as Qm = 1/Vm.
2.6. Electrical property measurements
The electrical measurements were carried out using a DC
voltage/current generator, along with a precision digital
electrometer (Keighley 6514) to determine the current gener-
ated on application of a known voltage to ﬁlled polymer.Table 1 The molar volume V1, solubility parameters (d), and
densities (d) of the solvents used.
Solvent V1
(cm3 mol1)
d
(J cm3)0.5
Density
(g cm3)
Water 18 47.84 1
Methanol 40.6 29.65 0.79
Ethanol 58.3 25.96 0.79
Butyl alcohol 91.4 23.31 0.92
Acetone 73.5 20.24 0.79
Methyl ethyl ketone 90.1 19.01 0.805
Benzene 88.7 18.81 0.88
Toluene 105.9 18.22 0.87
Xylene 124 18.09 0.86
Carbon tetrachloride 96.9 17.68 1.5867
Cyclohexane 109.2 16.58 0.779
Kerosene 180 15.64 0.78–0.81
Hexane 132.4 14.80 0.6548The measurements were made at different temperatures for
each ﬁlled sample.
2.7. Mechanical property measurements
The examination of the reinforcing efﬁciency of the nanoparti-
cle agglomerates took place by measurement of the parameters
such as Young’s modulus, tensile strength and elongation.
Tensile tests were performed according to the ASTM D412-
80 test method and were carried out using an Instron testing
machine (Model H10KS from Hounsﬁeld Co., England) at
25 C and the crosshead speed was 5 mm/min. Three samples
per formulation were tested.
3. Results and discussion
3.1. Characterization of organo-bentonite
3.1.1. FTIR analysis
The FTIR spectra of the unmodiﬁed Na-B and the organo-
bentonite ODA-B are shown in Fig. 1.
FTIR spectrum of Na-B in Fig. 1 indicates that, the OH
bending band at 915 cm1 was readily assigned to Al–OH.
The strong band centered at 1029 cm1 (Si–O stretching vibra-
tions) together with those at 524 cm1 and 463 cm1 (Si–O–Al
and Si–O–Si bending vibration, respectively) were typical of
tetrahedral Si–O. Bands at 3426 and 1637 cm1 were attrib-
uted to the OH stretching and bending vibrations of molecular
water, respectively [25,26]. Band at 1475 cm1 was assigned to
the presence of carbonate [27].
The spectra of ODA-B give all the previous bands appeared
in the FTIR spectrum of Na-B in Fig. 1. These bands are
related to the basic skeleton of the bentonite, but there are
new features (Fig. 1) that are related to the intercalated org-
ano- modiﬁer. Peaks at 2915 and 2840 cm1 were assigned to
the stretching vibration of –CH2 and –CH3, respectively indi-
cating the presence of long alkyl chain in the bentonite. Bands
at 3426 and 1637 cm1 which were attributed to the OH molec-
ular water were disappeared. This indicates complete exchange
of basal cations with removal of water molecules [28].
3.1.2. X-ray diffraction
The structures and the variations of the silicate-gallery spacing
(d001) of the unmodiﬁed Na-B and the modiﬁed ODA-B were
detected by wide angle X-ray diffraction (Fig. 2).400900140019002400290034003900
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Figure 1 FTIR Spectrum of (a) unmodiﬁed Na-B and modiﬁed
ODA-B.
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Figure 2 XRD pattern of Pristine Na-B and ODA-B.
382 A.M. Motawie et al.It is clear from the pattern that, from 2h= 2 to 10, the
Na-B has a single characteristic diffraction peak at 2h= 7.0
indicating that the d-spacing of the silicate layers was about
1.2 nm [29].
A shift of the d-spacing of the modiﬁed bentonites to lower
diffraction angles by comparison to the unmodiﬁed Na-B, is
shown in Fig. 2. These results reveal that the layer gallery of
bentonite was expanded due to the modiﬁcation of the surfac-
tant, which contained a long-chain alkyl group.
Fig. 2 shows also that ODA-B gives two characteristic
peaks at two different 2h. The higher extent of intercalation
corresponds to the large interlayer distance of 3.09 n at
2h= 2.9 as compared with 1.26 nm for Na-B. This value of
d-spacing indicates that ODA gives high separation for the
clay layers [22]. Another characteristic peak of ODA-B at
2h= 5.7 corresponds to basal spacing of 1.55 n. The changes
of interlayer spacing suggest the successful modiﬁcation of Na-
B [30].
3.1.3. Transmission electron microscope (TEM)
Morphological study has been carried out in order to monitor
the formation of the nano-particles. The TEM morphology of
pristine unmodiﬁed bentonite is presented in Fig. 3a. It is
clearly seen from this ﬁgure that the particles of unmodiﬁed
bentonite are in the agglomerated forms. The TEM photo-
graph of the prepared ODA-B nanoparticles in Fig. 3b, shows
that the silicate layers are separated into some thin lamellas
with 10 nm thickness. Also ODA-B shows best dispersion of
bentonite.(a)
Figure 3 TEM photographs of the EB: (a) unmodiﬁed3.2. Characterization of PU/ODA-B nanocomposites
3.2.1. XRD of PU/ODA-B nanocomposites
The XRD patterns of PU/ODA-B nanocomposites at different
wt% of the ODA-B are shown in (Fig. 4). As can be seen from
the ﬁgure, the diffraction peak of ODA-B is almost invisible in
the patterns for PUB0.25%, PUB0.50% and PUB0.75% and very
weak for PUB1%, PUB3% and PUB5%. This result suggested
that the layered silicate galleries of the PUB0.25%, PUB0.50%
and PUB0.75% have been either intercalated to a space of more
than 3.5 nm (2h< 2) or exfoliated in the PU matrix [31].
Otherwise, the absence of diffraction peaks in the XRD data
of the PUB0.25%, PUB0.50% and PUB0.75% should be due to
clay loading, which are below the detection limit of the instru-
ment or random orientation of clay tactoids, consistent with
similar results [32].
However as the content of ODA-B was increased to 1 wt%,
3 wt% and 5 wt%, the peaks at 2h= 4.9, 5 and 4.6, corre-
sponding to the d-spacings of about 1.8, 1,7 nm and 1.9 nm,
respectively, were observed. This implies that with a smaller
content, the layered silicates of ODA-B were dispersed better
and exfoliated by the polymer chains, but, as more ODA-B
was added, not all the clay could be dispersed well enough.
Thus it could be concluded that at high content of the ODA-
B one area was mainly intercalated while the other is exfoliated
by the polyurethane chains (which is known as partial exfolia-
tion) [33,32].
3.2.2. Transmission electron microscope (TEM)
Fig. 5 shows the TEM micrographs of modiﬁed PU/ODA-B
nanocomposites. It is well known that the dispersion of ﬁller
in the polymer matrix can have composites. When using
nano-clay particles as ﬁller, because the nanoparticles have a
strong tendency to agglomerate, homogeneous dispersion of
them in PU is a difﬁcult job. Fig. 5a reveals the nanoscale dis-
persion of modiﬁed bentonite in PU matrix when the content
of nano-bentonite is 0.75% wt. From this ﬁgure, one could
ﬁnd that most nano-bentonite was dispersed as primary parti-
cles while some nanoparticles aggregated. It can be also
observed that nano-bentonite is well dispersed in the PU
matrix. More aggregates are found when the content of
nano-bentonite is increased to 5 wt%, as shown in Fig. 5b.
This is reasonable, considering that at high ODA-B concen-
trations, the interparticle distance is small, and hence, agglom-
eration of these nanoparticles can occur during mixing and not(b)
Na-B as received and (b) ODA-B modiﬁed bentonite.
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Figure 4 XRD pattern of PU/ODA-B nanocomposites with
different wt% of the ODA-B.
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to appropriate processing conditions and modiﬁcation of ben-
tonite used in this study, a relatively good dispersion was
achieved.
3.3. Effect of organo-modiﬁed bentonite ﬁller on the physical
properties of polyurethane
3.3.1. Swelling measurements
Fig. 6 shows the maximum degree of swelling Qm% in cyclo-
hexane for PU/OB nanocomposites as a function of organo-
bentonite (OB) loading. Qm% decreases with the addition of
OB in PU and is the lowest for 1 wt% of OB and could be
accounted for from the relative proportion of ordered and dis-
ordered species. The ordered OB decreases the free volume
with addition to increase in degree of cross-linking and
consequently reduces the solvent uptake of PU matrix during(a
(b
Figure 5 TEM images of PU/ODA-B nanocomposites: (a)swelling. The inﬂuence of ﬁller content on the properties of
reinforced-composites has been extensively reported in the lit-
erature [35]. It is generally agreed that the decrease in Qm% is
due to the strong interactions between polymer chains and OB
particles, and/or between particles and particles. At high ﬁller
content >1 wt%, the disorder phase dominates [36,37] and the
amount of disordered particle is high enough to promote the
highest solvent uptake.
3.3.2. Determination of Mc values and the cross-linking density
The samples thus prepared were characterized with respect to
their swelling properties and network structures. Details of sol-
vent swelling procedures have been reported elsewhere [38,39].
One of the basic parameters that describe the structure of poly-
mer network is the molecular weight between cross-links, Mc,
of swollen network. This describes the average molecular
weight of polymer chains between two consecutive junctions.
These junctions may be chemical cross-links, physical entan-
glements, crystalline regions or even polymer complexes
[38,40]. Several theories have been proposed to calculate the
molecular weight between cross-links in a polymer. Probably
the most widely used of these theories is that of Flory and Reh-
ner [41]. According to the theory of Flory and Rehner [42], for
a perfect network;
Mc ¼ V1qp
ðV1=3m  V1=2m Þ
lnð1 VmÞ þ Vm þ v1V2m
ð4Þ
where V1 is the molar volume of the solvent, qp is the polymer
density, Vm is the volume fraction (Eq. (2)), and v1 is the Flory-
Huggins interaction parameter between solvent and polymer.
The Flory-Huggins interaction parameter between solvent
and polymer was estimated using the following formula, using)
) 
0.75 wt% and (b) 5 wt% at two different magniﬁcations.
Figure 6 Variation of maximum degree of swelling with OB
content for PU nanocomposites.
Table 2 The average molecular weight for all samples.
ODA-B wt% Mc, g/mole
Na-B ODA-B
0 64851.55 64851.54
0.25 60132.48 51408.41
0.50 55181.35 54814.38
0.75 50247.91 56136.17
1 37611.93 40051.98
3 50067.01 72837.30
5 62230.23 65521.23
384 A.M. Motawie et al.Gee’s method [43]. This method is based on the assumption of
maximum swelling of the crosslinked polymers in a liquid
whose cohesive energy density, CED (d) equals that of the
matrix.
After exponentially determining the degree of swelling at
equilibrium of all the samples in different solvents (with differ-
ent CED, Table 1), it was plotted against the CED of the liq-
uids (Fig. 7). The results for all samples in all liquids can be
plotted on a single master curve, having a maximum at the
abscissa corresponding to the CED of the composites (which
was found to be around 16.5 (J cm3)1/2 for all composites).
The parameter v1 was calculated by substituting this quan-
tity into the equation.
v1 ¼
ðd1  d2Þ2V1
RT
ð5Þ
where d1 and d2 are the solubility parameters or the CED for
the solvent and polymer, respectively, V1 is the partial molar
volume of the solvent and R is the universal gas constant.
Substituting the value of v1 for each sample (and equilib-
rium degree of swelling in cyclohexane) in Eq. (4), one can cal-
culate the value of Mc for each sample. The calculated Mc
values are presented in Table 2 for all composites. Then the
average cross-link density, me, which is deﬁned as the number
of elastically effective chains, totally included in a perfect net-
work, per unit volume, can be calculated from [38];
me ¼
qpN
Mc
ð6Þ0 
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Figure 7 The equilibrium swelling versus CED of liquids for PU
blank sample.where N is Avogadro’s number.
The calculated average cross-link density for all investi-
gated samples at different ﬁller loadings is presented in
Fig. 8 as a function of ﬁller loading. The average molecular
weight and cross-link density values can be explained on the
basis of Qm%, which gives inverse behavior with ﬁller loading.
3.3.3. I–V characteristics
In ﬁlled composites prepared with particulated ﬁller, a number
of factors may come into operation to inﬂuence the physical
properties of the composites, such as their electrical conductiv-
ity and its dependence on the matrix material, loading level,
temperature, and ﬁller type and concentration etc. In conduc-
tive polymer composites, a long continuous conducting path
between a pair of attached electrodes is extremely rare. There-
fore, to exhibit a ﬁnite DC conductivity, electrons must hop
from conductor to conductor and they may also occasionally
do so by tunneling through the insulating (matrix) barrier.
The extent of hopping and tunneling as they are commonly
understood [37] would depend on the gap-width between the
ﬁller particles and/or aggregates, and hence, on the extent of
ﬁller loading. The gap width between the ﬁller particles can
be calculated as follows [38].
Fig. 9 represents the dependence of logJ (current/area) on
electric ﬁeld, E, (Volt/thickness) for all samples at room tem-
perature. This dependence can readily be ﬁtted to a formula
of the form:
J ¼ Josinh aeE
2KT
 
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Figure 8 The average degree of cross-linking versus ﬁller loading
for all PU/ODA-B nanocomposites.
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Figure 9 Plot of log current density vs. electric ﬁeld for pure PU
and PU/ODA-B nanocomposites with different wt% of the ODA-
B.
Table 3 Data for ﬁtting parameters, a, and Jo for all PU/
ODA-B nanocomposites Eq. (7).
ODA-B% 0.25 0.50 0.75 1.00 3.00 5.00
Jo · 104, A/m2 10 20 90 40 15 300
A nm 45 35 30 20 12 10
Table 4 The activation energy of the dc conductivity in low
(E1) and high (E2) temperature regions respectively at the
different ODA-B contents.
ODA-B% DE1, eV DE2, eV
0 0.17 0.52
0.25 0.06 0.08
0.50 0.12 0.47
0.75 0.12 0.21
1.00 0.05 0.19
3.00 0.11 0.25
5.00 0.14 0.24
Electrophysical characteristics of polyurethane/organo-bentonite nanocomposites 385where a, is the average gap width between ﬁller particles and/
or aggregates, K is Boltzmann’s constant, T is the ambient
temperature in Kelvin, e is the electron charge and Jo is a ﬁt-
ting parameter that depends on both ﬁller concentration and
how it disperse in the matrix. Fig. 10 shows how well the
results, for 3% (wt%) sample as an example, ﬁt this formula
over a wide range of the ﬁeld.
The detected a value was lower at higher ODA-B contents
in the matrix which conﬁrms good dispersion of the clay par-
ticles at lower wt% of the ODA-B content, while the Jo values
were not quite the same at different contents of ODA-B%, see
Table 3 and Fig. 10.
3.3.4. Temperature dependence of dc conductivity
Fig. 11 shows the variation of dc electrical conductivity for the
PU/ODA-B nanocomposites over the temperature range 393–
420 K. In general, the electrical conductivity increases upon
increasing ODA-B content and is slightly thermally activated
according to the well-known Arrhenius law in a way typical
of semiconductors [44]:1.00E-08 
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Figure 10 Log current density versus electric ﬁeld for (3%) PU/
ODA-B sample at room temperature experimental and theoretical
data.r ¼ ro exp Ea
KT
 
ð8Þ
ro is pre-exponential factor and inversely proportional to
the temperature T, K is Boltzmann’s constant = 1.38 · 1023
J K1 and Ea is the activation energy.
It can be seen that the temperature dependence (Fig. 10) has
mainly two regions at low and high temperatures respectively,
namely region (300–343 K) in which, the conductivity is grad-
ually increased with the increase in temperature, and region II
(>343 K) in which the change in, r, is increased faster. The
activation energy Ea for electrical conductivity of the two
regions was determined and listed in Table 4.
The activation energy (Ea) value for PU/ODA-B nanocom-
posites is less than that of neat PU, as well as it drops increase
of the ODA-B content in the composites which indicate that
the process of conduction becomes easier. These values of Ea
are close to the value of Ea in [45,46]. A ﬁnal look at the table
shows that the second activation energy region E2 is almost
higher than that of the ﬁrst region E1. This is due to the higher
dissociation energy needed to form the charge carriers for the
intrinsic conduction [47].
Fig. 12 shows the variation of the dc conductivity values at
room temperature for the PU/ODA-B nanocomposites versus
the weight percents of ODA-B in the nanocomposites. The ﬁg-
ure elucidates that the organo-modiﬁed bentonite is effective in
producing PU/ODA-B nanocomposites with an enhancement
of conductivity by about 2–3 orders of magnitude with the
increase of ODA-B content compared to the pristine PU [48,49].
3.3.5. Mechanical properties
Mechanical properties of the nanocomposites were tested and
compared to study the efﬁciency of surface modiﬁcation to
obtain a supportive evidence of the enhanced intercalation of
bentonite. The Stress–Strain curves for PU/ODA-B nanocom-
posites along with neat polyurethane are shown in Fig. 13.
The corresponding values of the tensile strength and the
modulus of the nanocomposites were determined and summa-
rized in Table 5.
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Figure 11 The temperature dependence of dc conductivity of
PU/ODA-B nanocomposites with different wt% of the ODA-B.
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Figure 12 The dependence of the dc conductivities on the
concentrations (wt%) of ODA-B in the nanocomposite.
Figure 13 Stress–Strain curves for PU/ODA-B nanocomposites.
Table 5 Tensile properties of PU/ODA-B nanocomposites.
ODA wt% Tensile Strength MPa Young’s modulus MPa
0 4.99 0.092
0.25 13.34 0.56
0.50 12.76 0.52
0.75 11.52 0.47
1 9.26 0.30
3 9.59 0.27
5 10.3 0.42
386 A.M. Motawie et al.As shown from Table 5, there is an increase in the tensile
strength for all the nanocomposite materials than the pristine
PU. It was also clear from the table that maximum values of
the tensile strength were obtained at 0.25 wt% OB content,
this can be attributed to the good dispersion of exfoliated sil-
icate layers. Then the tensile strength decreases with increasing
the OB content in the range of 0.50–1 wt%. These values
slightly increase again for 3 and 5 wt% OB content.
Tensile strength decreased due to the presence of voids and
the aggregation of organo-bentonites in polyurethane matrix
[50]. Therefore, the tensile strength showed maximum value
at 0.25 wt% of OB [51], i.e. 0.25 wt% is the optimum
concentration for forming compact structure. The tensile
strength of PU/ODA-B nanocomposites increased by 172%
over pristine PU at 0.25 wt% of OB content. Note that suchimprovement can be attributed to clay-polymer tethering as
well as hydrogen bonding between clay particles and the poly-
mer [52].
Table 5 gives also the Young’s modulus of the nanocom-
posites made from PU at different ODA-B wt%. It is clear
from the table that there is an improvement in moduli of all
the nanocomposites. The enhancement of Young’s modulus
is directly attributed to the reinforcement provided by the dis-
persed silicate layers [53] and Young’s modulus can also be
affected by the interfacial interaction between silicate layers
and polyurethane matrix. The largest increase in Young’s
modulus was obtained for 0.25 wt% ODA-B, where the mod-
ulus of PU/ODA-B nanocomposites increased by 500%, over
pristine PU at 0.25 wt% of ODA-B content. As mentioned
above like the tensile strength there is a decrease in the modu-
lus in the range from 0.50 to 1 wt% followed by a second
increase. The decrease in modulus is due to the presence of
un-exfoliated aggregates in polyurethane matrix [51].
4. Conclusion
The physical properties (swelling, electrical and mechanical) of
the PU/ODA-B nanocomposites were studied in detail for dif-
ferent wt% of ODA-B. Modiﬁcation of the Egyptian Benton-
ite (EB) was carried out using organo-modiﬁer namely;
octadecylamine (ODA). The preparation and characterization
of PU nanocomposites were also described in this study. All
the nanocomposites obtained in this work using modiﬁed ben-
tonite showed an intercalated/exfoliated structure, with slight
differences in the exfoliation degree according to XRD and
TEM results.
1. The cross-link density values showed an increase with the
ﬁller loading while inverse behavior was obtained for the
average molecular weight and the maximum degree of
swelling Qm%.
2. The gap width between ﬁller particles was lower at higher
ODA-B contents in the matrix which conﬁrms good disper-
sion of the clay particles at lower wt% of the ODA-B con-
tent, while the Jo values were not quite the same at different
contents of ODA-B%
3. The temperature dependence of the dc conductivity has
mainly two regions at low and high temperatures respec-
tively. The activation energy Ea for electrical conductivity
of PU/ODA-B nanocomposites is less than that of neat
PU, as well as it drops with the increase of the ODA-B con-
tent in PU matrix.
The tensile strength of all the nanocomposites enhanced
with the addition of ODA-B compared with the pure PU.
Electrophysical characteristics of polyurethane/organo-bentonite nanocomposites 387The modulus of PU/ODA-B nanocomposites increased by
500%, over pristine PU at 0.25 wt% of ODA-B content.
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